BACKGROUND AND PURPOSE: Neurologic involvement in Behç et disease, also known as NBD, is one of the most devastating manifestations of the disease. The precise pathologic mechanism of parenchymal NBD lesions has not been established. We evaluated lesion characteristics and probable venous hemorrhage in parenchymal NBD by using SWI, and we compared the imaging results with conventional MR imaging sequences.
B
D was first reported by the Turkish dermatologist Hulusi Behçet who described 3 cases of recurrent oral and genital ulceration with uveitis. 1 Although this classic triad remains diagnostically important, BD has emerged as a multisystem disorder. [2] [3] [4] Neurologic involvement in BD (also known as NBD) is one of the most devastating manifestations of the disease and usually occurs 1-10 years after the first symptom of BD has appeared. Other symptoms of BD usually precede its neurologic complications. However, when the first symptom of BD is neurologic, as in 3% of cases, diagnosis of the disease becomes challenging. NBD is subclassified into 2 major forms: parenchymal and nonparenchymal. The 2 types rarely occur in the same individual, and their pathogeneses are probably different. 5, 6 The precise pathologic mechanism of parenchymal NBD lesions has not been established. Parenchymal NBD lesions have been hypothesized to be venous infarcts 7 ; however, this hypothesis needs more pathologic support because vasculitis cannot usually be demonstrated within parenchymal NBD lesions. [8] [9] [10] [11] [12] SWI is a new neuroimaging technique that uses tissue magnetic susceptibility differences to generate a unique contrast and is different from spin attenuation, T1, T2, and T2*. SWI consists of using both magnitude and phase images and is very sensitive for the detection of venous deoxygenated blood products inside as well as outside of the blood vessels. 13 The purpose of this study was to evaluate lesion characteristics in parenchymal NBD with SWI and to compare the results with conventional MR imaging sequences.
Materials and Methods

Patients
The study protocols were approved by our institutional review board, and informed consent was obtained from each patient. We evaluated 12 female and 11 male patients, ranging in age from 20 to 52 years (mean age, 37.95 years). In this study, the subjects were composed of follow-up patients with definitive diagnosis of BD. All patients were referred from the Behçet Disease Research Center of our university hospital. Criteria established by the International Study Group for BD were used for diagnosis. 14 We selected BD patients who had neuro-logic manifestations such as headache or neurologic deficit. Neurologic involvement was evaluated and defined by neurology consultants at the Research Center from the Department of Neurology, which referred the patients for MR examination. Patients with neurologic or other diseases involving the central nervous system, traumatic brain injury, and hypertension were excluded from this study. All patients were normotensive. The study period ranged from March 2009 to March 2010.
Data Acquisition
MR images were acquired by using a 1. and acquisition time, 5 minutes). All images were acquired in the same axial plane. Subsequently, SWI sequences were reconstructed by using a mIP technique to obtain images with section number, thickness, and position similar to those of T2 FSE and T2*GE sequences. MR imaging data were anonymized before evaluation. All the imaging sequences, including SWI, were explained to the patients, and written informed consent was obtained.
Imaging Analysis
Two neuroradiologists (10 years of experience) reviewed the MR images independently by using a PACS (Carestream Health, Rochester, New York). Equivalent sections of T2 FSE, T2*GE, SWI magnitude, and SWI mIP were compared simultaneously by using 2 linked 19-inch monitors divided into 4 windows. T2 FSE, T2*GE, SWI magnitude, and SWI mIP sequences were each evaluated for lesion existence, number, and localization. Lesion signals were classified as hyperintense and hypointense according to the neural parenchyma. Hemorrhagic foci were defined as hypointense signals on T2 FSE, T2*GE, SWI magnitude, and SWI mIP, without continuity with surrounding vascular structures. Images were reviewed additionally for asymmetric prominent venous structures with irregular contours, defined as dilated and tortuous veins with ill-defined borders compared with the venous structures in the contralateral healthy parenchyma. Only deep venous occlusions were evaluated, and they were defined as abrupt discontinuity of the vein. Collateral venous structures were defined as venous structures adjacent to the lesion with an atypical pathway in the brain parenchyma. Brain stem atrophy was evaluated.
Statistical Analyses
We compared the performance of lesion detection with T2 FSE, T2*GE, SWI magnitude, and SWI mIP by using the 2 test. We first evaluated the equality of the proportion of lesion detection by using the 4 MR imaging methods. If significant differences were found between them, we performed a pair-wise comparison to detect which methods significantly differed in lesion detection. The statistical tool used was the test of proportions for 2 or more groups. We tested the equality of the proportion of detected lesions by using the 4-sample test for equality of proportions without Yates' continuity correction (ie, at least 2 proportions are significantly different). Next, we performed the 2-sample test for equality of proportions with Yates' continuity correction to determine which pairs of proportions were significantly different and in which direction. Both P values were adjusted for the 6 multiple pair-wise tests by using the Holm correction method.
We also compared the performance of the detection of hemorrhagic signal intensity with T2 FSE, T2*GE, and SWI magnitude, and SWI mIP by using the 2 test. We first tested the equality of the proportion of hypointense hemorrhagic lesion detection for the 4 MR imaging methods. If significant differences were found between them, we performed a pair-wise comparison to detect which methods significantly differed in hypointense hemorrhagic lesion detection. The statistical tool used was the test of proportions for 2 or more groups.
We tested the equality of the proportion of detected lesions by using the 4-sample test for equality of proportions without Yates' continuity correction. Next, we performed the 2-sample test for equality of proportions with Yates' continuity correction to determine which pairs of proportions were significantly different and in which direction. Both P values were adjusted for the 6 multiple pair-wise tests by using the Holm correction method.
Results
Lesions were established in 21 of 23 patients. In one patient, we detected one lesion compatible with arterial ischemia in the corticosubcortical area of the left temporal lobe; however, this lesion was not included in the statistical analysis for comparison among sequences. In 2 of the remaining 22 patients, we did not establish any lesions because they had advanced brain stem atrophy, indicating that they were in the chronic stage of NBD. Thus, statistical analysis was performed in 20 patients. In total, 52 lesions were found in these patients. The number of the lesions ranged from 1 to 5 (mean Ϯ SD number of lesions, 2.52 Ϯ 1.36). In SWI, the hemorrhagic lesions were apparent in our cases; therefore, we did not observe disagreement between 2 readers. Thus, a consensus conference was not deemed necessary. Localizations of lesions were as follows: 20 in the pons, 7 in the medulla oblongata, 6 in the putamen, 7 in the thalamus, 5 in the mesencephalon, 2 in the corona radiata, 3 in the caudate nucleus, 1 in the capsula interna, and 1 in the splenium of corpus callosum. A very high frequency of lesions occurred in the pons compared with other locations. In total, 50 lesions were detected with SWI magnitude and SWI mIP, 43 lesions were detected with T2 FSE, and 38 lesions were detected with T2*GE. The proportion of lesion detection with both SWI magnitude and mIP was significantly larger than that with T2*GE (P ϭ .0084 and P ϭ .0084, respectively). The proportions of lesion detection between all others pairs of methods were not significantly different from the corresponding P value ( 2 ϭ 17.4929, df ϭ 3, P ϭ .0006). For example, the proportions of lesion detection with SWI magnitude and T2 FSE were not significantly different (P ϭ .2230).
Hypointense hemorrhagic signals were detected with SWI magnitude and SWI mIP in 42 of 50 lesions, with T2*GE in 3 of 38 lesions, and with T2 FSE in 2 of 43 lesions. The proportions of hypointense hemorrhagic lesions with T2 FSE and T2*GE were not significantly different (P ϭ 1.0000) and likewise for the proportions of hypointense hemorrhagic lesions with SWI magnitude and SWI mIP. Conversely, the proportion of hypointense hemorrhagic lesions with SWI magnitude and SWI mIP were significantly larger than that with T2 FSE (P Ͻ .0001) and T2*GE (P Ͻ .0001; 2 ϭ 108.5396, df ϭ 3, P Ͻ .0001).
Eight lesions that were detected with SWI could not be detected with T2*GE or T2 FSE. Nine lesions that were detected with SWI could not be detected with T2 FSE. Fourteen lesions that were detected with SWI could not be detected with T2*GE. Two lesions that were determined to be hyperintense with T2 FSE and T2*GE could not be detected with SWI. Also, 6 patients had advanced brain stem atrophy. Around 6 lesions, prominent venous structures (Fig 1) were detected, whereas in 2 lesions, occlusion of the thalamostriate veins was detected. In one of the 2 lesions with occluded thalamostriate veins, a marked collateral venous structure was observed near the occluded vein (Fig 2) . The established lesion characteristics in the present study are summarized in the Table.
Discussion
In the initial studies regarding parenchymal NBD, swelling of the brain stem, multiple foci of cell infiltration, and perivascular inflammatory cell cuffs were pathologically demonstrated. 15, 16 Rubinstein and Urich 17 supported these neuropathologic findings and reported that lesions became increasingly chronic with extensive gliosis; atrophy; thickening and fibrosis of the meninges in some cases; and chronic relapse of inflammatory cellular infiltration around venules, capillaries, and occasionally arteries. In other studies, perivascular lymphocytic infiltration without fibrinoid necrosis, thrombosis, or endothelial degeneration were reported. [18] [19] [20] [21] In 1996, Hadfield et al 22 reported the neuropathologic findings of an NBD patient in whom the frontal lobe, capsula interna, basal ganglia, cerebellum, and brain stem had acute, multifocal encephalitis, indicating numerous foci. In the conclusion of their report, it was noted that vasculitis and consequent superimposed thrombosis for necrotizing lesions in NBD were seen in the absence of vessel wall inflammation. However, necrotizing lesions may be present because of primary acute neutrophilic inflammation. In 2004, Mirsattari et al 11 hypothesized that an NBD patient with prompt atrophy of the brain and of generally all parts of the central nervous system (particularly the brain stem) involved chronic meningoencephalomyelitis. T-lymphocytes were exclusively present and showed perivascular cuffing. In 2008, Hirohata 23 evaluated biopsied or autopsied brain tissues from acute NBD, chronic progressive NBD, and NBD in long-term remission. In acute NBD, infiltration of mononuclear cells around small vessels was revealed, as was apoptosis of most neurons. Infiltration of mononuclear cells also was observed around small vessels in the pons, cerebellum, medulla, capsula interna, and midbrain in the acute attack phase of chronic progressive NBD. In the biopsy of the inactive NBD patient, the most prominent features were atrophy of the brain stem and gliosis. Foci of mild infiltrations of mononuclear cells were still detected around small vessels. Hirohata 23 suggested that soluble factors, including proinflammatory cytokines, were produced in neuronal apoptosis. Despite these findings, Scardamaglia et al 24 reported a case with NBD where prominent fibrinoid necrosis was observed in small postcapillary venules, and there was surrounding acute and chronic inflammation, consistent with vasculitis, in a brain biopsy. Thus, the pathogenesis of NBD remains unclear, and the most accepted findings are perivascular lymphocytic infiltration without objective vasculitic infiltration.
SWI is a 3D, long echo time, T2*GE sequence technique that allows enhancement of local contrast by using a high-pass filtered phase mask, exploiting the magnetic properties of tis- sues, such as blood or iron-containing cells, that affect magnetic field inhomogeneity. [25] [26] [27] SWI exploits the magnetic susceptibility differences between tissues, resulting in phase differences between regions containing paramagnetic deoxygenated blood products (deoxyhemoglobin, intracellular methemoglobin, or hemosiderin) and surrounding tissue. 28 This method allows visualization of veins with diameters in the submillimeter range even with conventional 1.5T whole body MR imaging systems. 25 To detect venous vessels, the deoxygenation state of hemoglobin is used as an intrinsic contrast mechanism. 29 SWI has been applied to various pathologies of the brain that affect magnetic inhomogeneity, such as stroke, 30 trauma, 31 cerebral cavernous malformation, 32 arteriovenous malformation, 33 pathophysiology affecting iron-storage conditions, 34 intratumoral hemorrhages, 35 and cerebral amyloid angiopathy. 36 SWI is particularly helpful for the evaluation of diffuse axonal injury that is often associated with punctate hemorrhages in the deep subcortical white matter, which are not routinely visible on CT or conventional MR imaging sequences. 28 Tong et al 31, 37 and Babikian et al 38 have both shown that SWI has 3-6 times the sensitivity of conventional T2*GE sequences for detecting the size, number, volume, and distribution of hemorrhagic lesions in diffuse axonal injuries.
In our study, we detected the hemorrhagic component with SWI in 42 of a total of 53 lesions. Despite the SWI data, T2*GE and T2 FSE could only detect 3 and 2 hemorrhagic lesions, respectively. In addition to hemorrhagic lesions in SWI, 6 lesions exhibited prominent venous structures, 2 displayed occlusion of thalamostriate veins, and 1 revealed a collateral venous structure. Eight lesions were shown with SWI, but these lesions were not detected with T2*GE or T2 FSE. Nine lesions that were detected with SWI could not be observed with T2 FSE, and 14 lesions that were detected with SWI could not be detected with T2*GE. However, 2 lesions were not detected with SWI, but they were observed to be hyperintense with T2*GE and T2 FSE. In this condition, despite hemorrhagic lesions that accompanied other venous pathologies shown sensitively by SWI, some of the nonhemorrhagic lesions could not be determined, probably because of low anatomic resolution or because of nonhemorrhagic gliosis in the chronic period. Thus, although SWI shows almost all of the hemorrhagic lesions, it is insensitive to some of the nonhemorrhagic lesions. Therefore, T2 FSE and T2*GE examinations should be used together with SWI to establish both hemorrhagic and nonhemorrhagic Behçet lesions. No remnant of hemorrhage was found in 2 NBD cases with advanced brain atrophy and extensive infiltration. This outcome may suggest that previous remnants of hemorrhage may be resorbed subsequently in chronic BD or that there is possibly a different nonhemorrhagic pathophysiologic mechanism. Calcification cannot be definitively identified by MR imaging because its signals are variable on conventional spin-echo T1-or T2-weighted images and cannot be differentiated from hemorrhage by gradient-echo images because both will cause local magnetic field changes and appear as hypointensities. However, phase images on SWI can help differentiate calcification from hemorrhage because calcification is diamagnetic, whereas hemorrhage is paramagnetic, resulting in opposite signal intensities. 13, 28 Some studies have suggested that venous involvement may be the primary cause of parenchymal injury. However, arterial involvement was suggested by Hirohata. 23 We consider all neuropathologic studies because both arterial and venous perivascular infiltration constitute NBD involvement. Indeed, arterial ischemia may cause white infarcts without hemorrhaging. In contrast, obvious venous ischemia is generally hemorrhagic in pathology. Cerebral venous ischemia leads to parenchymal injury because of locally increased venous pres- sure, which exceeds the pressure generated by the arteries. Because of leaking of blood into the damaged area, infarcts are more likely to encounter hemorrhagic transformation than arterial types of ischemic stroke. 39 Previous neuropathologic studies generally did not examine lesions for iron accumulation, hemorrhage, or remnants of hemorrhage. Landeyro et al 40 presented a case of an autopsy of an NBD patient in whom multiple hemorrhagic infarctions were found in the brain stem. Microscopic examination revealed generalized perivascular lymphocytic and neutrophilic inflammation in small and medium vessels with intense diapedesis bleeding. This phenomenon was predominant in the brain stem. Similarly, for this case, parenchymal NBD lesions with SWI were found to be hemorrhagic. Thus, parenchymal lesions in NBD are probably associated with venous structures. In our study, almost all hemorrhagic findings resulted from venous lesions, though in pathologic studies, both arterial and venous vascular structures generally are infiltrated, which requires clarification. Because the arterial wall is thicker and more elastic than the venous wall and the luminal pressure is higher in arteries, we believe that veins are more frequently affected, because of the external mechanical effects and inflammatory chemical substances, which have a higher potential impact on the thinner venous wall and lower venous luminal pressure. 41 In our study, 1 of 23 patients demonstrated arterial infiltration, whereas we believe that the others probably showed venous infiltration. Importantly, in our study, because our approach is supported, 42 of 52 lesions were hemorrhagic, venous occlusions were shown in deep venous structures in some cases, irregularities of venous contours were observed, and venous collateral structures were revealed.
In patients with prior large cerebral hemorrhage or chronic hypertension, the prevalence of microhemorrhages were reported to be between 57% and 78%. 42 Similarly, in patients with traumatic brain injury, it is known that microhemorrhages may occur. 28 Therefore, patients with neurologic or other diseases involving the central nervous system, traumatic brain injury, and hypertension were excluded from this study.
An important limitation of our study is the lack of sufficient cases, which prevented the classification of acute, subacute, and chronic lesions into separate groups. The interpretation of acute, subacute, and chronic lesions could be beneficial for understanding pathogenesis and the prognostic process. The present study was performed by using a 1.5T MR device. Comparing 1.5T with 3T and 7T high-field devices, the high-field SWI technique may provide a more detailed description about venous structures. Thus, using high Tesla devices could be advantageous for revealing venous pathologies in future studies. In the present study, the data were collected prospectively from patients who visited our tertiary outpatient clinics for a relatively short time, and further examinations were not performed. Future studies by using SWI in a larger number of NBD cases and for longer times such as 5 or 10 years may provide further information about the generation and evolution of the lesions.
Conclusions
SWI is a new imaging method for the detection of lesion characteristics in parenchymal NBD. Compared with both T2 FSE and T2*GE sequences, SWI demonstrated hemorrhagic foci in many more lesions; this superiority was statistically significant. In addition, in the lesion vicinity, prominent venous structures, as well as the occlusion of venous and collateral venous structures, were revealed with SWI. Venous effects and venous theory in parenchymal NBD are supported by the existence of hemorrhagic foci and accompanied venous pathology in most of the lesions detected by SWI.
